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1Karolinska Institutet Although there are three HDACs in S. pombe—Hda1p,
Clr3p, and Clr6p—only the single mutant clr6-1 signifi-Department of Biosciences Novum
University College Sodertorn cantly affects chromosome segregation. However, clr3
and clr6-1 act synergistically with respect to centromereDepartment of Natural Sciences
S-141 89 Huddinge silencing [9–11]. This synergism is probably explained
by apparent differences in the substrate specificity ofSweden
2 Laboratory of Gene Regulation and Development these HDACs (Clr3p is specific for H3 Lys-14, whereas
Clr6p acts on both H3 and H4) and by the fact that bothNational Institute of Child Health and Human
Development activities act at centromeres [12, 13]. In transcriptional
regulation, SIN3 acts as a corepressor to target HDACsNational Institutes of Health
Bethesda, Maryland 20892 and repress specific promoters [14]. Therefore, given
the involvement of HDACs in centromere function, it is3 Medical Research Council
Human Genetics Unit conceivable that SIN3 corepressors are also involved.
To test if either of the S. pombe SIN3 corepressors,Western General Hospital
Crewe Road Pst1p or Pst2p [15], are required for chromosome stabil-
ity, we exposed cells with mutations in the correspond-Edinburgh EH4 2XU
Scotland ing genes to thiabendazole (TBZ). TBZ is a drug that
destabilizes microtubules and thus aggravates chromo-United Kingdom
some loss in strains with compromised centromeres.
pst1 is an essential gene in S. pombe, and therefore
the frame shift mutant pst1-1, in which 217 amino acidsSummary
have been removed from the Pst1p carboxy terminus
[15], was used. To study pst2, we used homologousCentromeres play a vital role in maintaining the geno-
mic stability of eukaryotes by coordinating the equal recombination to generate the deletion allele pst2::
ura4. As positive controls, we used cells with the muta-distribution of chromosomes to daughter cells during
mitosis and meiosis. Fission yeast (S. pombe) centro- tions swi6-115 and clr6-1, both of which have been pre-
viously shown to cause TBZ supersensitivity correlatedmeres consist of a 4–9 kb central core region and
30–100 kb of flanking inner (imr/B) and outer (otr/K) with changes in the centromeric chromatin [11, 16]. Cells
were serially diluted and spotted onto TBZ plates (Figurerepeats [1–3]. These sequences direct a laminar kinet-
ochore structure similar to that of human centromeres 1A, top panel). The strain with pst1-1 showed a marked
decrease in viability in the presence of TBZ. The reduced[4, 5]. Centromeric heterochromatin is generally
underacetylated [6, 7]. We have previously shown that plating efficiency of pst1-1 was similar in magnitude to
that of the clr6-1 and swi6-115 controls. In contrast,inhibition of histone deacetylases (HDACs) caused
hyperacetylation of centromeres and defective chro- cells carrying a deletion of the second corepressor gene
(pst2::ura4) grew as wild-type. To test if the pst1-1mosome segregation [8]. SIN3 is a HDAC corepressor
that has the ability to mediate HDAC targeting in the mutation was recessive, we carried out a TBZ plating
assay on a pst1-1 strain carrying one extra copy of therepression of promoters. In this study, we have char-
acterized S. pombe sin three corepressors (Pst1p and wild-type pst1 gene. We observed that the wild-type
gene was able to fully complement the TBZ sensitivityPst2p) to investigate whether SIN3-HDAC is required
in the regulation of centromeres. We show that only of pst1-1 (Figure 1A, bottom panel).
Because mutations in clr6 have been shown to allevi-pst1-1 and not pst2 cells displayed anaphase defects
ate silencing of centromeric (otr1 and imr1) markerand thiabendazole sensitivity. pst1-1 cells showed re-
genes, we postulated that pst1-1 would similarly disturbduced centromeric silencing, increased histone acet-
centromeric heterochromatin if Pst1p functions as a co-ylation in centromeric chromatin, and defective cen-
repressor for Clr6p. Expression of a normally silenttromeric sister chromatid cohesion. The HDAC Clr6p
ade6 gene residing in the otr1 region of the centromereand Pst1p coimmunoprecipitated, and Pst1p coloca-
was tested in cells bearing the pst1-1 mutation. In thelized with centromeres, particularly in binucleate cells.
wild-type otr1R(Sph1)::ade6cells, colony color is redThese data are consistent with a model in which Pst1p-
because the ade6 gene is silenced. However, in theClr6p temporally associate with centromeres to carry
pst1-1 background, some of the otr1R(Sph1)::ade6out the initial deacetylation necessary for subsequent
cells escape silencing and are able to express the ade6steps in heterochromatin formation.
marker, resulting in white and red colonies (Figure 1B).
The white colonies produced in the pst1-1 strain were
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found to be at least one order of magnitude more stable4 Present address: The Wellcome Trust Centre for Cell Biology, Insti-
than those occasionally produced in the wild-type strain,tute of Cell and Molecular Biology, University of Edinburgh, The
King’s Buildings, Edinburgh, EH9 3JR, United Kingdom. indicating a defect in establishing the repressed state
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Figure 1. The Effects of pst1-1 on Chromo-
some Segregation
(A) Top panel: pst1-1 reduces cell viability
on plates containing TBZ. In contrast,
pst2::ura4 shows no reduction in viability
when exposed to TBZ. Strains were FY2507,
HU141, FY2781, FY2781, HU196, and
FY1180. Bottom panel: pst1-1 is recessive
because the pst1-1 pst1 strain shows no
reduction in viability when exposed to TBZ
(strains HL6211, HL5356, and FY2002).
(B) Colony color of otr1R(SphI)::ade6 pst1-1
and wild-type (WT) strains. The white colony
(left) indicates that pst1-1 causes expression
of the ade6 gene located in the otr of cen1
(strains FY1180 and HU141).
(C) IF staining of -tubulin (green) and DNA
stained with DAPi (red) (strain HU141). The
scale bar represents 2 m.
(D) The fraction of lagging chromosomes in
pst1-1 colonies can be correlated to the loss
of silencing (white sectoring) of otr1R(S-
phI)::ade6 (strain FY2567).
(E) Neither clr6-1 nor pst1-1 show general co-
hesion defects. Spots corresponding to the
Lac operon inserted at lys1 near cen1 were
scored (strains HU819, HU865, HU866,
HU867, and HU868).
(F) Representative pst1-1 nuclei at the indi-
cated temperatures. Left: pst1-1 cell nucleus
showing normal cohesion. Right: metaphase
arrested cut9 pst1-1 cell nucleus showing
two separate GFP spots. Bar1.0 m.
of the otr1R(Sph1)::ade6 marker. To test if pst1-1 also centromeric chromatin; at S. pombe flanking repeats
disrupts silencing at other repressed heterochromatin of the centromere, the conserved Clr4 histone methyl-
regions, we created pst1-1 strains that had ura4 in- transferase (HMTase) is required for methylation of H3
serted near the telomere, near the silent mating-type K9. However, this methylation of the K9 residue only
locus (mat3), in the imr1 region of the centromere, and occurs after the residue has been deacetylated [12, 17,
in the central core (CC2) region of the centromere (Sup- 18]. Because methylation of H3 K9 is required to allow
plementary Material, Figure S1). In this assay the pst1-1 for Swi6p to bind histone H3, clr4 mutations delocalize
mutation caused significant derepression of ura4 in- Swi6p [18, 16]. One consequence of loss of Swi6p from
serted at imr1 and mat3, a slight enhancement of silenc- the centromere is loss of the cohesins Rad21p and
ing at CC2, and no effect in the telomeric region. These Psc3p from the centromere region; this leads to defec-
results are very similar to those reported for clr6-1 [11]. tive sister centromere cohesion, which is manifested as
In order to test whether the reduced viability in the lagging chromatids in anaphase [19, 20]. Because TBZ
presence of TBZ was possibly due to defects in chromo- sensitivity and chromosome loss are also characteristic
some segregation, we used indirect immunofluores- of mutants that affect general sister-chromatid cohe-
cence (IF) to visualize -tubulin (green) and DNA (red) sion, we tested cells with pst1-1 for defects in general
in pst1-1 cells (Figure 1C). When white colonies were cohesion. We crossed the mutations into strains car-
grown for 4–5 doubling times and then fixed, lagging rying LacI-GFP controlled by the nmt1 promoter and
chromosomes were apparent in up to 28% of the cells tandem repeats of the Lac operator inserted into the
with fully elongated anaphase spindles. Lagging chro- lys1 locus near centromere 1 [21]. In wild-type in-
mosomes were not detected in the wild-type cells or in terphase cells, as well as in cells with swi6::ura4, clr6-1,
pst1-1 pst1 cells. Interestingly, a clear correlation (r  and pst1-1 (2/70, 1/41, 1/74, and 16/301, respectively),
0.84) between the rate of lagging chromosomes and the two spots were rarely seen because the duplicated cen-
fraction of pst1-1 cells expressing otr1R(Sph1)::ade6 tromeres are mostly held together by sister chromatid
could be seen when single colonies were used for inocu- cohesion (Figure 1E). However, in cells with the , rad21-
lating cultures used for IF and at the time of fixation KI mutation, known to affect general (centromere and
were also plated for scoring the percent of white colo- arm) cohesion, 13 of 37 cell nuclei had double centro-
nies (Figure 1D). mere spots. Thus, pst1-1 was not generally defective in
sister-chromatid cohesion like rad21-K1. To test specifi-
cally if centromeric cohesion was defective, we arrestedPst1p Is Required for Centromeric Sister
cells at metaphase with centromeres under tension byChromatid Cohesion
using a cut9 cell cycle arrest. pst1-1 cells and swi6::The Swi6/HP1 class of chromodomain proteins require
particular histone modifications for association with ura4 positive control cells displayed a defect in centro-
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meric cohesion (Figures 1E–1F). Thus, our data clearly
indicated that pst1-1, but not pst2::ura4, affected cen-
tromere structure, as indicated by defective centromeric
silencing and cohesion. To investigate the genetic inter-
actions of pst1-1 and clr6-1, we constructed a double
mutant and assayed it for lagging chromosomes in ana-
phase at 30C by IF. The rate of lagging chromosomes
in the double mutants was similar to the frequencies
produced by either of the single mutations (wt: 0/52;
pst1-1: 15/115; clr6-1: 22/111; clr6-1 pst1-1: 19/105).
This indicated that pst1-1 and clr6-1 both affect the
same pathway in chromosome segregation because
there was no additive effect in the double mutant.
Pst1-Myc and Clr6-HA Partially
Coimmunoprecipitate,
and Pst1-Myc Colocalizes with Centromeric DNA
To further test for interactions between Pst1p and Clr6p,
we constructed strains that express the Pst1-Myc and
Clr6-HA-tagged fusion proteins from their endogenous
promoters. When overlaid, Pst1-Myc and Clr6-HA IF sig-
nals appeared to overlap to some degree (See Supple-
mentary Figure S2 available with this article online). To
test if the proteins interacted, we performed immunopre-
cipitations (IP) with whole-cell extracts from strains ex-
pressing both fusion proteins. The resulting data dem-
onstrates that Pst1-Myc is able to coimmunoprecipitate
approximately 10% of the total Clr6-HA (Figure 2A). In
the reciprocal coimmunoprecipitation experiment, Clr6-
HA was able to coimmunoprecipitate Pst1-Myc. The
coimmunoprecipitation of Pst1-Myc with Clr6-HA sup-
ports the IF data, and along with genetic interactions
and similarities in phenotypes, these results indicate
that Clr6p and Pst1p are components that interact and
Figure 2. Partial Interaction of Pst1/Clr6 and Pst1 Is Transiently Lo-contribute to the same cellular function. This prompted
calized to the Centromereus to investigate if Pst1p acts directly at the centro-
(A) Western blots from coimmunoprecipitation experiments with themeres. We combined IF of Pst1-Myc with fluorescence
antibodies indicated in the left margin. Top panel: HU302 was usedin situ hybridization (FISH) to detect centromere flanking
for reciprocal coimmunoprecipitations of Pst1-Myc and Clr6-HA.repeats. In mononucleate interphase cells, the centro-
Bottom panel: control immunoprecipitation in untagged control
meric FISH signals colocalized with the Pst1-Myc signal HU87 (Clr6-HA) and HU249 (Pst1-Myc) strains. The precipitating
in 57.7% of the cells, and the signals were clearly sepa- antibodies were -HA (left) and -Myc (right) for both panels.
(B) Absence of colocalization of Pst1-Myc (red) with the pRS140rate in 42.3% of cells (Figures 2B and 2D). Remarkably,
(imr/otr) cen-FISH signal (green) in a mononucleate interphase cell.however, a much higher degree of colocalization (93.5%)
(C) Colocalization of Pst1-Myc (red) with cen-FISH (green) signal inwas observed in binucleate cells, which is characteristic
a binucleate G1/S phase cell. (A and B) The images were decon-for cells in the G1/S phase (Figures 2C and 2D). Digital
volved (z  0.2 m).
deconvolution z series microscopy analysis of seven (D) Bar diagram showing the percentage of nuclei with colocalized
z-stacks of IF images of binucleate cells confirmed that and separate Pst1-Myc and cen-FISH signals in the different cell
cycle stages (binucleate n  30, mononucleate n  50).in all cases the cen-FISH signal (green) clearly and con-
sistently overlapped with the chromatin staining pattern
of Pst1-Myc (red). Hence, Pst1p colocalizes with the chromatin immunoprecipitation (ChIP) assay with anti-
otr/imr region in a cell cycle-specific manner. bodies specific for acetylated isoforms of histones H3
and H4 [8]. The ChIP assay was performed with chroma-
tin from cells with the ade6 reporter gene inserted intoPst1p Keeps Histones in Centromeric Chromatin
Underacetylated the centromere and a control mini-ade6 gene, ade6-
DN/N, at the endogenous, euchromatic ade6 locus (Fig-We have previously shown by Western analysis of his-
tone preparations that pst1-1 had no effect on bulk acet- ure 3A). Acetylation of H3 K9 and K14 and H4 K5 and
K12 in otr1R(Sph1)::ade6 chromatin was generally lowylation levels [15] whereas clr6-1 caused a dramatic
increase of bulk acetylation levels [13]. This indicates in wild-type cells, and the ratios obtained were less than
four-tenths of that seen in the input. In contrast, in pst1-1that Pst1p may only be required for targeting of Clr6p to
restricted chromosomal regions. To investigate whether or clr6-1 cells, the acetylation levels increased to more
than seven-tenths. Thus, when the function of Pst1p orPst1p and Clr6p are involved in maintaining the under-
acetylation of centromeric chromatin, we performed a the Clr6 enzyme was compromised, the level of H3 and
Brief Communication
71
model, the HDACs Clr3p and Clr6p act before the
HMTase, Clr4p, and before subsequent binding of the
Swi6p chromodomain to histone H3 methylated at K9.
Our analysis has demonstrated that pst1-1 and clr6-1
have similar phenotypes with respect to centromere
function (TBZ sensitivity, lagging chromosomes, and in-
creased acetylation in imr/otr chromatin). In addition,
the centromere defects observed in clr6-1 and pst1-1
mutants are not additive, indicating that they affect the
same centromeric function. Furthermore, we have dem-
onstrated that Pst1p and Clr6p coimmunoprecipitate
with each other and partially colocalize in the cell nu-
cleus. We therefore propose that Pst1p is required to
direct Clr6p to centromeres so that it may perform the
initial deacetylation necessary for subsequent steps in
heterochromatin formation. This model, however, does
not explain how the chromatin state can be “memorized”
in order to propagate the epigenetic state. One way to
achieve this would be if the Pst1p corepressor could
recognize underacetylated or methylated histones di-
rectly or indirectly and thus mediate deacetylation of
newly deposited histones on neighboring nucleosomes.
Obviously, to comprehend propagation it will be impor-
tant to also determine the nature of Pst1p interaction
at centromeres.
Supplementary Material
Tables S1 and S2, Figures S1, S2, and S3, and the Experimental
Procedures are available as Supplementary Material at http:://
images.cellpress.com/supmat/supmatin.htm.
Figure 3. ChIP Assays of Acetylated Histones H3 and H4 in Centro-
meric Chromatin
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